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Abstract 

Goal, Scope, Background. As of July 1 st , 2006, lead will be banned 
in most solder pastes used in the electronics industry. This has 
called for environmental evaluation of alternatives to tin-lead 
solders. Our life cycle assessment (LCA) has two aims: (i) to com¬ 
pare attributional and consequential LCA methodologies, and (ii) 
to compare a SnPb solder (62% tin, 36% lead, 2% silver) to a Pb- 
free solder (95.5% tin, 3.8% silver, 0.7% copper). 

Methods. An attributional LCA model describes the environ¬ 
mental impact of the solder life cycle. Ideally, it should include 
average data on each unit process within the life cycle. The model 
does not include unit processes other than those of the life cycle 
investigated, but significant cut-offs within the life cycle can be 
avoided through the use of environmentally expanded input- 
output tables. A consequential LCA model includes unit proc¬ 
esses that are significantly affected irrespective of whether they 
are within or outside the life cycle. Ideally, it should include 
marginal data on bulk production processes in the background 
system. Our consequential LCA model includes economic par¬ 
tial equilibrium models of the lead and scrap lead markets. 
However, both our LCA models are based on data from the 
literature or from individual production sites. The partial equi¬ 
librium models are based on assumptions. The life cycle impact 
assessment is restricted to global warming potential (GWP). 
Results and Discussion. The attributional LCA demonstrates 
the obvious fact that the shift from SnPb to Pb-free solder means 
that lead is more or less eliminated from the solder life cycle. 
The attributional LCA results also indicate that the Pb-free op¬ 
tion contributes 10% more to the GWP than SnPb. Despite the 
poor quality of the data, the consequential LCA demonstrates 
that, when lead use is eliminated from the solder life cycle, the 
effect is partly offset by increased lead use in batteries and other 
products. This shift can contribute to environmental improve¬ 
ment because lead emissions are likely to be greatly reduced, 
while batteries can contribute to reducing GWP, thereby offset¬ 
ting part of the GWP increase in the solder life cycle. 
Conclusions. The shift from SnPb to Pb-free solder is likely to 
result in reduced lead emissions and increased GWP. Attributional 
and consequential LCAs yield complementary knowledge on the 
consequences of this shift in solder pastes. At present, consequen¬ 
tial LCA is hampered by the lack of readily available marginal 
data and the lack of input data to economic partial equilibrium 
models. However, when the input to a consequential LCA model 
is in the form of quantitative assumptions based on a semi-quali- 
tative discussion, the model can still generate new knowledge. 


Recommendations and Outlook. Experts on partial equilibrium 
models should be involved in consequential LCA modeling in 
order to improve the input data on price elasticity, marginal 
production, and marginal consumption. 


Keywords: Attributional life cycle assessment; consequential life 
cycle assessment; lead-free; methodology for life cycle inven¬ 
tory analysis; solder paste 


Introduction 

Solder pastes are used by electronics manufacturers to pro¬ 
vide electrical interconnections between electrical compo¬ 
nents and the Printed Wiring Board (PWB). Lead (Pb) has 
been used in solders for many years due to its low cost and 
high performance. Of the Pb present in European landfills, 
40% originated from consumer electronics [1]. With the 
exception of solder alloys containing 85 mass % Pb, all 
other solders containing lead will be banned in the Euro¬ 
pean Union (EU), due to the potential negative impact of 
Pb on the environment and on human health [2]. The in¬ 
flow of Pb in alloys to EU landfills and waste incineration 
is to about 80% caused by solders used in electronics [3]. 
This calls for environmental assessments of Pb-free solders. 
These solder, although not new, have been little used to 
date since they have inferior mechanical and material prop¬ 
erties for most electronics applications compared to con¬ 
ventional lead-tin (SnPb) solders. These properties include 
wettability, ductility, and higher corrosion resistance as well 
as higher reflow temperature. 

Previous studies, by Griese [4], Deubzer [5-8], Hamano [9], 
Fukuda [10], Mihasecu [11] and Ascencio [12], on the one 
hand, and by Turbini [13], Graedel [14], Verhoef [15], War¬ 
burg [16], Geibig [17-18], Ku [19], and Ogunseitan [20], 
on the other, provide contradictory information concerning 
the environmental compatibility of Pb-free solders. The first 
group of authors are somewhat positive towards lead-free 
solders while the second is rather negative. However, all 
authors seem to agree on the higher reflow energy consump¬ 
tion of Pb-free, compared to SnPb, soldering. Some of the 
environmental assessments are traditional life cycle assess¬ 
ments (LCAs), while others focus on specific aspects of the 
solder life cycle. 
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In this paper, we distinguish between attributional and con¬ 
sequential LCA. Attributional methodology for life cycle 
inventory analysis (LCI) aims at describing environmentally 
relevant physical flows to and from a life cycle and its sub¬ 
systems. Ideally, it should include average data on each unit 
process within the life cycle. The attributional LCI model 
does not include unit processes other than those of the life 
cycle investigated, but significant cut-offs within the life cy¬ 
cle can be avoided through the use of environmentally ex¬ 
panded input-output tables. Most previous LCAs resemble 
attributional LCA. 

In contrast, consequential LCI methodology aims at describ¬ 
ing how the environmentally relevant physical flows to and 
from the technosphere will change in response to possible 
changes made within the life cycle. A consequential LCI 
model includes unit processes that are significantly affected 
irrespective of whether they are within or outside the life 
cycle. Ideally, it should include marginal data on bulk pro¬ 
duction processes in the background system [21]. In a con¬ 
sequential LCI, allocation is usually avoided by means of 
system expansion [22]. A consequential LCI model can also 
include economic partial equilibrium models [23] and other 
tools designed to quantify specific causal relationships [24]. 

Several authors have made similar distinctions between the 
two types of LCA methodologies, although most authors 
employ different terms to denote them [21-22], [25-32], 
The terms attributional/consequential were adopted in 2001 
at a workshop on LCI electricity data in Cincinnati [33], 
but the term attributional had already been in use for sev¬ 
eral years. 

1 Goal and Scope Definition 

1.1 Goal definition 

The main goals of this study were: 

• to demonstrate and compare attributional and conse¬ 
quential LCA methodologies, and 

• to contribute to the environmental assessment of a glo¬ 
bal shift from the common tin-lead wave solder paste 
(composition: 62% Sn, 36% Pb, 2% Ag) to one of the 
most common Pb-free reflow solder pastes (composition: 
95.5% Sn, 3.8% Ag, 0.7% Cu). 

1.2 Scope definition 

Our environmental assessment includes an attributional and 
a consequential LCA. The function of solder paste is to keep 
electronic components attached to a PWB. The attachment 
requires a specific volume of solder paste. The functional 
unit chosen in both our LCAs is the volume of solder paste 
(approx. 300 mm 3 ) that is needed to mount components on 
to a specific, common PWB. This volume corresponds to 
2.5 g SnPb solder. The corresponding weight of Pb-free paste 
is slightly lower because Pb-free solder has a lower density 
than SnPb (7.4 compared to 8.4 g/cm 3 ). The flux constitu¬ 
ent and share of the weight is assumed to be the same for 
both solder pastes. The schematic product system structure 
of both solder paste pastes in the ALCI is shown in Fig. 1. 



Fig. 1: Schematic structure of the SnPb and Pb-free solder paste attri¬ 
butional model 


The use phase of the electronic product is excluded from the 
study, because the choice of solder has little impact on the 
energy demand of the electronic product. The electrical re¬ 
sistance of solders is insignificant compared to other resist¬ 
ance in the product (a typical resistance value for a solder 
joint is 0.01 Ohm and for a resistor 10,000 Ohm) [34]. The 
SnPb solder has a lower melting point than the Pb-free alter¬ 
native (183°C compared to 217°C) but we assume the cool¬ 
ing of electronic products to be dependent on factors other 
than the solder melting point. 

Dismantled PBAs have a positive economic value. For this 
reason, we do not regard it as waste but as a raw material 
inflow to the life cycles where the recycled metals are used. 
Thus, the recycling of metals from the solder belongs to sub¬ 
sequent life cycles and not to the investigated solder life cycle. 

A description of the change in environmental burdens of the 
technosphere resulting from a shift from SnPb to Pb-free 
solder requires a CLCI that includes an analysis of how the 
relevant markets are affected. The preliminary structure of 
the CLCI system is presented in Fig. 2. The main difference 
compared to Fig. I is that the CLCI includes economic par¬ 
tial equilibrium models of the lead and scrap lead markets 
as well as the use of these goods outside the solder life cycle. 
The use of lead is the environmental issue addressed through 
the switch from SnPb to Pb-free solder. For this reason, the 
consequential study focuses on the lead flows. 

For the partial equilibrium models we required information 
about the sensitivity of the supply and demand of lead and 
scrap lead to price fluctuations. In order to include the alter¬ 
native use of lead outside the solder life cycle, we needed 
information on how sensitive different lead applications are 
to changes in the price of lead. 

The solder shift increases electricity use, especially in the 
solder application. This means that less electricity will be 
available for other purposes. We tried to include a partial 
equilibrium model of the electricity and its alternative uses 
in the CLCI. There are several estimates of how price changes 
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Fig. 2: Schematic structure of the consequential model of the switch from SnPb to Pb-free solder paste 


affect electricity demand, but it is difficult to estimate how 
such changes affect electricity production on a global level. 
We also found no information on the marginal use of electric¬ 
ity, which means that we do not know which category of elec¬ 
tricity use that will be reduced nor to what extent. For this 
reason, the electricity market was excluded from the CLCI. 

An overview of initial data quality goals and data used is 
presented in Table 1 (see next page). The study concerns the 
global shift from one solder paste to another. Solders are 
produced and applied worldwide, and metals, energy carri¬ 
ers and electronic products are traded on international mar¬ 
kets. For this reason, the initial data quality goal was global 
averages for many ALCI subsystems. A change in demand 
for a metal, energy carrier etc. in the solder life cycle will 
affect the international markets at the margin. Thus, the ini¬ 
tial data quality goal for many of the CLCI subsystems was 
global marginal data. The data actually used in the LCIs 
were more or less representative of data found in the litera¬ 
ture or data from individual suppliers, due to the fact that 
global average and marginal data were not available (see 
Table 1, next page). A problem was that the available data 
sets included severe data gaps for lead emissions. In the end 
we used general estimates from the literature to calculate 
approximate lead emissions (see Sections 2.1 and 2.2.3). 


2 Inventory 

2.1 Attributional LCI 

The start of the solder paste life-cycle involves the mining of 
silver, lead, tin and copper in different parts of the world. 
The metal bars are transported to a bulk alloy material pro¬ 
duction plant, where a wave solder of a specific composi¬ 
tion is manufactured by melting the metals. Both primary 
and secondary metals can be used in bulk alloys [65], and 
about 23% of the tin, 50% of the lead, and 38% of the 
copper used worldwide are produced from secondary sources 
[66]. In the absence of metals recycling data, we used pri¬ 
mary metals production data. 

The bulk alloy is transported to powder production plants, 
where the solder is atomized into small, spherical balls. The 
next step is the solder paste production, where the powder 
is mixed with the flux system to form a paste, which is trans¬ 
ported to electronics assembly plants. Here the first step is 
the screen printing, where the paste is applied to a Printed 
Wiring Board (PWB). This is followed by the reflow solder¬ 
ing process, where electronic components are placed on the 
PWB and the solder melted to form a Printed Board Assem¬ 
bly (PBA). Thereafter the PBAs are mounted inside the elec¬ 
tronic products (EP), which are then shipped all over the 
world to be sold and used. After use, EPs including solder 
are transported to landfills, incineration or recycling 


346 


Int J LCA 11 (5) 2006 















































































LCA Methodology 


Lead-Free Solders 


Table 1: An overview of initial data quality goals and data sources used in our study 



Attributional LCI 

Consequential LCI 

Subsystem 

Initial data goals 

Data used 

Initial data goals 

Data used 

Fuel production 

Global average 

Literature data [35-37] 

Global marginal 

Literature data [35-37] 

Electricity production 

Global average 

Global average mix of 
technologies [38] 
Environmental data from the 
literature [35-37], [39-44] 

Global marginal 

Global average mix of 
technologies [38] 
Environmental data from the 
literature [35-37], [39-44] 

Metals production 

Global average for specific 
metals 

Literature data on primary 
metals production [45-48] 

Global marginal for 
specific metals 

Literature data on primary 
metals production [45-48] 

Lead market 

n.a. 

n.a. 

Long- term global own price 
elasticity of demand and 
supply 

Semi-quantitative estimates 

Alternative use of lead 

n.a. 

n.a. 

Global marginal gate-to-grave 
data on affected product mix 

Gate-to-gate data on lead- 
acid battery assembly [49] 

Production and use of 
complementary products 

n.a. 

n.a. 

Global marginal cradle-to-grave 
data on actually 
complementary products 

Cradle-to-gate data on 
photovoltaic cells [50] 

Production and use of 
competing products 

n.a. 

n.a. 

Global marginal cradle-to-grave 
data on actually competing 
products 

Emissions from electricity 
production in diesel 
generators [37], [51-52] 

Bulk alloy production 

Global average for 
solder alloy 

Data from one supplier of a 
different alloy [53] 

Global average for 
specific solders 

Data from one supplier of 
a different alloy [53] 

Flux production 

Global average for 
solder flux 

Data from environmentally 
extended input/output table 
[54-55] 

Global average for 
solder flux 

Data from environmentally 
extended input/output table 
[54-55] 

Solder powder production 

Global average for 
solder powder 

Data from one supplier of a 
different metal powder [56] 

Global average for 
specific solders 

Data from one supplier of 
a different metal powder [56] 

Solder paste production 
and application 

Global average for 
specific solders 

Literature data [57-61] 

Global average for 
specific solders 

Literature data [57-61] 

Dismantling for solder 
recycling 

Global average for 
electronic products 

Primarily from one electronics 
dismantler [62] 

Global average for 
electronic products 

Primarily from one 
electronics dismantler [62] 

Solder incineration 

Global average for 
specific solder metals 

Data from one waste 
incinerator [63] 

Global average for 
specific solder metals 

Data from one 
waste incinerator [63] 

Landfilling of solder 

Global average for 
specific solder metals 

Data from one landfill [64] 

Global average for 
specific solder metals 

Data from one landfill [64] 

Scrap lead market 

n.a. 

n.a. 

Long-term global own price 
elasticity of demand 
and supply 

Assumption 
(see Section 2.2.7) 

Waste management of other 
products 

n.a. 

n.a. 

Global mix of 
regional marginals 

Data from one landfill [64] 

Lead recycling 

n.a. 

n.a. 

Global marginal 

Data from one site [53] 


n.a.: not applicable 


facilities.We estimated that, globally, 10% of old EPs are 
recycled, 14% incinerated, while 76% end up in landfills f 17]. 

Data on Pb emissions were absent in the available datasets on 
most activities in the life cycles. Instead, we calculated the Pb 
emissions from estimates in the following literature. Brady & 
McManus [67] stated that 32 ktonnes of lead was used in 
solders and other alloys in the 15 EU Member States in 1998. 
They also stated that 30 tonnes of lead was emitted from al¬ 
loys in the same countries in 2000. These data indicate that 


approximately 0.1 % of the lead used for solders is emitted into 
the environment. Tukker et al. [3] estimated that 2/3 of the Pb 
emissions from alloys are emitted to air and the rest to soil. 

Table 2 presents selected results from the ALCI. The elec¬ 
tricity consumed in the life-cycles is 1.52 MJ for SnPb and 
1.70 MJ for Pb-free solder. The Pb calculations in the ALCI 
are based on the sources above, which means that Pb emis¬ 
sions from the production of, e.g., electricity and ancillary 
materials are not included in these results. 


Table 2: Selection of results from the ALCI of SnPb and Pb-free solder, and from the CLCI of the SnPb solder. Our CLCI of Pb-free solder is identical to 
the ALCI of the same product due to lack of marginal data (see Section 2.2.8). Functional unit: 300 mm 3 of solder (cf. Section 1.2) 


Substance 

Category 

Unit 

SnPb 

ALCI 

Pb-free 

ALCI 

ALCI: 

Pb-free - SnPb 

SnPb 

CLCI 

CLCI: 

Pb-free - SnPb 

Coal 

Resource 

g 

83 

93 

10 

82 

10 

Oil 

Resource 

g 

12 

14 

2 

15 

-0.3 

Natural gas 

Resource 

g 

12 

14 

1 

12 

1 

ch 4 

Emission to air 

g 

0.78 

0.87 

0.09 

0.78 

0.09 

C0 2 

Emission to air 

g 

228 

254 

26 

234 

20 

NO x 

Emission to air 

g 

0.9 

1.1 

0.2 

1.1 

0.05 

so* 

Emission to air 

g 

1.8 

2.1 

0.4 

1.7 

0.4 

Pb 

Emission to air 

g 

1e-3 

0 

-1e-3 

9e-4 

-9e-4 

Pb 

Emission to soil 

g 

5e-4 

0 

-5e-4 

5e-4 

-5e-4 
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2.2 Consequential LCI 

In the CLCI we estimated the changes in production (AS) 
and alternative use (AD) of lead and scrap lead based on the 
estimated own price elasticity of supply (r| s ) and demand 
(rj D ) for each of the goods: 

T) = AQ/Q * P/ AP (1) 

where AQ is the change in the quantity produced or de¬ 
manded of a specific good, caused by a change in its price 
(AP). Hence, 

AS/ AD = ri s /ri D (2) 

In most cases, both supply and demand are more elastic in 
the long term than short term, the reason being that more 
factors can adapt to price changes in the long term: the pro¬ 
duction capacity of mines and power plants, the stock of 
household appliances, etc. We focus on long-term elasticity, 
as we believe that environmental systems analyses are pri¬ 
marily conducted due to concern about the long-term fu¬ 
ture environment. In order to describe how the environmental 
burdens of the technosphere are affected by a shift from 
SnPb to Pb-free solder, we tried to identify the marginal pro¬ 
duction technologies for lead. Such technologies can be iden¬ 
tified using, for example, a five-step procedure presented by 
Weidema et al. [68]. In addition, we wanted to identify the 
marginal application of lead outside the solder life cycles. It 
is unclear whether a procedure exists for identifying the 
marginal use of a specific good. 

2.2.1 Marginal electricity production 

The ideal electricity data for the consequential LCI are a 
weighted average of long-term marginal electricity data over 
all electricity markets affected by the change in solder com¬ 
position. This is difficult to identify, partly because deci¬ 
sions on different technologies are on the agenda in differ¬ 
ent countries. At a European level, a phase-out of nuclear 
power is under discussion in Sweden and Germany, while 
the construction of a new nuclear power plant is being con¬ 
sidered in Finland. Investments in several natural gas power 
plants have recently been debated in, e.g., Italy, while wind 
power is expanding in, e.g., Germany. At a global level, 
marginal electricity is sometimes assumed to be based on coal, 
because coal is abundant and coal power is thus cost-efficient. 
However, climate-change policy may set a global 'ceiling' on 
this technology or at least make it too expensive for new in¬ 
vestments in many parts of the world. Due to lack of data on 
the weighted average of marginal electricity, we used data on 
global average electricity production to model electricity pro¬ 
duction in the consequential LCI (see Table 1). 

2.2.2 Marginal metal production 

In the CLCI we attempted to identify marginal lead produc¬ 
tion. Globally, primary lead production can be divided into 
four main processes; ore mining, ore concentration, smelt¬ 
ing, and refining [69]. Mining has inherent constraints de¬ 
pending on the location of lead ore. The other three stages 


are unlikely to be constrained and the choice of technology 
is related to cost. The new direct smelting processes seem to 
be more efficient than the more common blast-furnace meth¬ 
ods [70], but a combination of several technologies is cur¬ 
rently used, and it has not been possible to identify a clear- 
cut marginal technology for each of the four stages. In the 
absence of data on marginal lead production, we used the 
same input data as in the ALCI. This also applies to the 
other metals (see Table 1). 

2.2.3 Marginal lead use 

Most lead (74% worldwide in 1999) is used in lead-acid 
batteries. Leaded glass is used, for example, in the screens 
of television sets and computers to protect the viewer from 
the X-rays generated by the cathode ray tube. Lead sheet is 
used for complete roofs, the vertical cladding of walls, and 
construction details. Nowadays, lead piping is primarily used 
in the chemical industry. Ammunition accounts for 1-3% 
of global lead consumption. 

Batteries are used in motor vehicles and as a backup power 
supply in the event of power failure. Lead-acid batteries can 
compete with NiCd batteries and new electricity storage 
systems such as metal hydride batteries. These are currently 
more expensive than lead-acid batteries [71], but may be a 
feasible alternative for many applications in the future. Lead- 
acid batteries can also be used in emerging markets [71]: 

- for electric powered vehicles, which could compete with 
diesel and gasoline cars in the future, 

- as a power supply (in combination with photovoltaic cells 
etc.) in remote areas, competing with diesel generators 
etc., and 

- as peak-load power supply (in combination with base¬ 
load power stations), competing with oil and gas tur¬ 
bines, etc. 

Lead accounts for at least 30 percent of the total production 
cost of lead-acid batteries [72], One of the biggest challenges 
confronting stationary lead-acid battery producers is the fluc¬ 
tuating price of lead [73]. If the price of lead drops, lead- 
acid batteries can be sold at a lower price. This may affect 
the use of such batteries in applications where they compete 
with nickel-cadmium batteries and in all emerging markets. 
A reduced lead price may also affect the development of 
new alternatives such as metal hydride batteries. 

A change in the price of lead can also affect the use of this 
metal in certain other products, particularly in lead sheet 
for roofing or wall cladding. A large quantity of lead is re¬ 
quired for this purpose and the metal does not provide ap¬ 
parent functional advantages. In other lead products, the 
price of lead appears to be less important. In some cases the 
cost of lead is a small part of the total production cost while, 
in others, lead has important functional advantages over 
other materials, making the demand for lead less sensitive 
to changes in the lead price. 

Our conclusion is that a switch from leaded to unleaded 
solders is likely to result in an increased use of lead in a mix 
of other products. This mix is probably dominated by bat¬ 
teries, because most of the lead is currently used in batter- 
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ies, and a change in lead price may significantly affect the 
current and future competitiveness of batteries. In the fore¬ 
seeable future, the lead price is most likely to affect the use 
of lead-acid batteries in applications where there is stiff com¬ 
petition with other alternatives. 

In our LCI model, the alternative use of lead is acid-lead 
batteries for use as a power supply in combination with 
photovoltaic (PV) cells. The lead-acid batteries and PV cells 
generate electricity in remote areas and we assumed that 
they replace diesel generators. The assumption that the mar¬ 
ginal use of acid-lead batteries are in PV systems that re¬ 
place diesel generators is an optimistic scenario for the shift 
to Pb-free solder, from the perspective of climate change. It 
is optimistic because, in this scenario, the shift to Pb-free 
solder results in an increased use of PV systems that replace 
fossil fuel. Such a scenario is relevant because the ALCA 
indicated that the solder shift increases the GWP of solder 
life cycles. Using an optimistic scenario in the CLCA makes 
it possible to test the robustness of this result. Referring to 
Fig. 2, this means that the alternative use of lead is assumed 
to be acid-lead batteries, the complementary product to be 
PV cells, and the competing product electricity produced by 
diesel generators. The production, use and waste manage¬ 
ment of these products are included in the CLCI. 

As in the ALCI, the Pb emissions from the alternative use 
can be calculated from estimates in the literature. Accord¬ 
ing to Brady & McManus [67], 919 ktonnes of lead was 
used in batteries in the 15 EU Member States in 1998, and 
260 tonnes of lead was emitted in 2000. This indicates that 
0.03% of the lead used for batteries is emitted to the environ¬ 
ment. Tukker et al. [3] estimated that 92% of the Pb emis¬ 
sions from batteries are emitted to air, and the rest to soil. 

2.2.4 Lead market 

Since quantitative estimates on r) s and ri D are difficult to 
find for lead, we made our own estimates based on the fol¬ 
lowing, qualitative discussion. In the short term, the elastic¬ 
ity of demand (r\ D ) is low, due to the fact it is hard for a 
manufacturer to substitute lead for another material [74]. 
In the long term, the elasticity of demand is higher, since the 
marginal lead products (batteries, roofing and wall cladding) 
has the potential to replace competing products. Neverthe¬ 
less, we expect the elasticity of demand to be fairly low in 
the long term as well, because a change in lead price will 
only affect a part of the production cost of lead products. 

The elasticity of supply for metals, rj s , is low in the short 
term because mines and mills are designed for a certain 
throughput [74]. In the long term, the elasticity of lead sup¬ 
ply can also be assumed to be fairly low, because lead is 
typically a co-product of zinc and other metals. This means 
that a change in the price of lead will affect only part of the 
revenues of the mines and mills. 

When the elasticity of both supply and demand are low for 
a specific good, we would expect its price to fluctuate greatly: 
when supply and demand are not in equilibrium, large price 


changes are required to restore the balance. Such a fluctuation 
can be observed at, e.g. the London Metal Exchange (LME); 
in 1996 and again in June 2004 the lead price exceeded 
800 USD/tonne but dropped to 400-500 USD/tonne from 
the autumn of 1999 until autumn 2003 [75]. It is possible 
that these fluctuations reflect low short-term price elasticities. 
However, large quantities of lead are bought not for produc¬ 
tion but for investment purposes. Such investments may have 
a greater impact on short-term changes in metal prices than 
the actual production and consumption of metals [76]. 

The above arguments indicate that ri s and ri D are fairly low 
in the long term. The LME data indicate that this may be 
the case at least in the short term. We see no reason to claim 
that either one is higher than the other. In our LCI model, 
the supply and demand for lead are equally elastic: AS = 
-AD. This means that for each tonne of lead that is elimi¬ 
nated from the solders, the production of lead is reduced 
by 0.5 tonne and the use of lead in other products is in¬ 
creased by 0.5 tonne. The uncertainty in this part of the 
model is large. 

2.2.5 Marginal lead recycling 

Scrap lead can be transported long distances to the recycling 
process [77]. Secondary lead smelting and refining produc¬ 
tion technologies are likely to be unconstrained and the choice 
will be based on cost. It has not been possible, within this study, 
to identify a specific marginal lead recycling technology. In¬ 
stead, we used data from one production site (see Table 1). 

2.2.6 Marginal lead waste management 

Globally, about 75% of all products containing lead (mainly 
batteries) are recycled [78]. Lead products that are not recy¬ 
cled are deposited at landfills, either directly or after pass¬ 
ing through an incineration plant. The marginal lead waste 
management for lead products other than electronic prod¬ 
ucts, is likely to be landfill, as it is cheaper than incinera¬ 
tion. The Pb entering the scrap lead market originates from 
printed wiring boards where SnPb solder has been used and 
from other recycled lead products. Moreover, there is an im¬ 
portant difference between simple dumps and properly man¬ 
aged landfills with leachate control. Ash containing lead from 
incineration plants should also be taken into account. The 
toxic ash must be managed in an appropriate manner [79]. 

2.2.7 The scrap lead market 

We assumed that the collection of scrap PBAs with SnPb 
solder affects not only the use of scrap lead but also the 
collection of scrap lead from other products in accordance 
with eq. 2. Quantitative estimates on ri s and ri D are difficult 
to obtain for scrap lead. We have assumed that they are 
equal, i.e. that the demand and supply side of the market 
are equally affected by small changes in the price of scrap 
lead. This means that 50% of the lead from scrap PBAs 
replaces scrap lead from other products and that the remain¬ 
ing 50% contributes to an increase in total lead recycling. 
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2.2.8 Consequential LCI results 

The CLCI of SnPb solder differs from the ALCI in that it in¬ 
cludes the lead market, the alternative use of lead, and its com¬ 
plementary and competing products (see Figs. 1 and 2). The 
CLCI also includes lead recycling, the scrap lead market, and 
waste management of competing scrap lead sources. The CLCI 
of Pb-free solder is identical to the ALCI of Pb-free solder. The 
CLCI should ideally include marginal data for many unit proc¬ 
esses while the ALCI should include average data. However, 
due to the lack of marginal data, we used the same input data 
in both Pb-free models (see Table 1). Table 2 presents selected 
results from the CLCI. The Pb results reflect emissions from 
lead products only, which means that Pb emissions from the 
production of, e.g., electricity and ancillary materials are not 
included in these results. The Pb results in the CLCI of SnPb 
solder are dominated by emissions from the solder life cycle 
(1.1 mg/f.u to air and 0.5 mg/f.u. to soil). The avoided emis¬ 
sions from the battery life cycle are much smaller: 0.2 mg/f.u. 
to air and 0.02 mg/f.u. to soil). 

3 Impact Assessment 

The impact category selected in this study is GWP 100 , as this 
category has been found to be robust and reliable in previ¬ 
ous LCA studies. The characterisation factors are presented 
in Table 3, and the total ALCA results are presented in Fig. 3. 
Fig. 4 shows the contribution from different life-cycle stages 
of the Pb-free solder. Solder paste application dominates the 
results, as it requires large quantities of electricity. Fig. 5 
presents the contribution from different parts of the conse¬ 
quential model on SnPb solder. Again, the solder applica¬ 
tion dominates the results. 

Fig. 6 presents an estimate of how a change from SnPb to 
Pb-free solder affects the greenhouse gas emissions from the 
technosphere. According to the results of the model, the 
emissions increase because of the increased production of 
tin in the Pb-free system and because of the greater amount 
of energy required for application of the Pb-free solder. In 
our study, the shift is assumed to result in more lead being 
used to produce batteries which, when combined with pho- 
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Fig. 3: Total GWP 100 results of the ALCA 



tovoltaic cells, will replace fossil fuel in electricity genera¬ 
tion. This can be regarded as an optimistic scenario, but the 
reduction in emissions from diesel electricity is still not suf¬ 
ficient to outweigh the increase in emissions caused by sol¬ 
der applications and tin production. The reason for this is 
that little electricity is produced by the photovoltaic-plus- 
battery system: only 12 kWh for each kg of lead used. 
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Fig. 4: Contribution to GWP 100 from different life cycle phases in the ALCA 
of Pb-free solder 
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Fig. 5: Contribution to GWP 100 _from different life cycle phases in the CLCA 
of SnPb solder 
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Fig. 6: The consequential GWP 100 results obtained when subtracting the CLCA 
results for SnPb solder from the CLCA (=ALCA) results for Pb-free solder 


Table 3: Characterization factors for GWP 100 ■ C0 2 E = C0 2 -equivaients 


Substance 

Equivalence factor 
(g C0 2 E/g) 

Reference 

Approximate share of GWP total in 
the SnPb and Pb-free life cycles (%) 

C0 2 

1 

[80] 

90 

ch 4 

23 

[80] 

7 

NO* 

7 

[81] 

2.5 
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4 Interpretation 

Based on global warming considerations, the energy required 
for solder paste applications was the most significant part 
of the solder paste system, regardless of whether SnPb or 
Pb-free solder was investigated and regardless of whether 
ALCA or CLCA methodology was used. The results indi¬ 
cate that the most important differences between SnPb and 
Pb-free solders are the tin production, the solder applica¬ 
tion, and the diesel replaced by the alternative use of lead. 
The last aspect can only be identified by means of a CLCA. 

Overall, the data quality in the study is poor. The uncer¬ 
tainty is very large in the area of the environmental conse¬ 
quences of alternative lead use, which, according to the 
CLCA results, is one of the important issues. The data qual¬ 
ity is especially poor in the model of the scrap lead market 
and waste management of competing sources of scrap lead. 
However, this part of the CLCA model for SnPb solder does 
not have a major bearing on the results. 

Our results indicate that silver production is not an impor¬ 
tant part of the solder systems. It may, in fact, be more im¬ 
portant in reality. In the literature used, silver production was 
modelled as a by-product of copper production [46]. In real¬ 
ity, 31% of silver is produced from zinc sources, 28% from 
virgin silver sources and 25% from copper sources [82]. 

The attributional LCA reveals the obvious fact that the shift 
from SnPb to Pb-free solder means that lead is essentially 
eliminated from the solder life cycle. A consequential LCA 
can show to what extent the shift leads to an overall reduc¬ 
tion in the use of lead, how lead use will increase in other 
life cycles and, hopefully, in what products the use of lead 
will increase when the metal is eliminated from solder paste. 
Our results indicate that a shift of lead use from solders to 
other products reduces the Pb emissions and the associated 
risk to human health and ecosystems. 

5 Conclusions and Discussion 

The shift from SnPb to Pb-free solder is likely to result in 
reduced lead emissions and increased GWP. The alternative 
use of lead will partly offset the reduction in lead emissions 
and may also offset part of the increase in GWP; however, 
the environmental consequences of the alternative use of lead 
in this case appear to be less significant than the changes 
within the solder life cycle. In terms of GWP, the most im¬ 
portant consequences are an increase in tin production and 
in the generation of electricity for solder application. 

Attributional and consequential LCAs provide complemen¬ 
tary knowledge about the consequences of the shift in solder 
paste composition. The ALCA describes how the solder life 
cycle changes. For example, the ALCA results indicate that 
the Pb-free life cycle contributes 10% more to the GWP than 
the SnPb life cycle. The CLCA results indicate the possible or 
foreseeable environmental consequences in a broader context. 

It appears difficult to find price elasticity estimates in the 
literature for the supply and demand of specific metals. Such 
estimates seem to be available for only a few goods. It may 
also be problematic to identify the marginal production and 


use of specific goods, more so for global electricity than for 
lead, as there are many more potential electricity users than 
lead users. On a general level, CLCA has been hampered by 
the lack of easily available marginal data and input data for 
economic partial equilibrium models. In this context it is 
important to note that a CLCA model can generate new 
knowledge, even when important input data are quantita¬ 
tive assumptions, based on a semi-qualitative discussion. 

Virtually all intermediate products in a life cycle are traded 
on a market. The equilibirum between supply and demand 
on this market must be taken into account in order to accu¬ 
rately describe the consequences of using a specific product, 
material, chemical, or energy carrier in the life cycle investi¬ 
gated). However, the cumbersome collection or generation 
of economic data means that partial equilibrium models can 
be developed for only a few markets. The decision regard¬ 
ing what markets to model in a CLCI can be based on accu¬ 
mulated experience. In this case, we had little relevant expe¬ 
rience when the project started. Instead, our decision to focus 
on the lead and scrap lead markets was based on the fact 
that lead flow was the political issue at hand. We also used 
preliminary GWP 100 results from the attributional study to 
identify electricity generation as an important aspect of the 
solder systems, although, in the end, we still were unable to 
model the electricity market. Using attributional results as a 
basis on which to identify the aspects requiring investiga¬ 
tion in a consequential study is often a practical solution, 
although it is not without risk. Flows that are important in 
an ALCI may be less important in a CLCI, or vice versa. 

In the practical CLCI modelling, we first attempted to model 
the consequences of a shift in the contents of solder in a 
single process tree, as illustrated in Fig. 2. We soon realised 
that this solution required many manual calculations. Typi¬ 
cal LCA software requires that the input data in each unit 
process be normalised to a reference flow to or from the 
unit process. The reference flow is generally the product 
produced in the unit process. When the process tree describes 
the unit processes associated with a specific product or serv¬ 
ice, this requirement is not a problem: if the input data are 
available in terms of annual emissions, etc., they can simply 
be divided by the annual quantity of the product or similar, 
to obtain the normalised input data. But when the process 
tree describes the difference in flows and unit processes be¬ 
tween different ways of fulfilling a function, the relation 
between the emissions and products in each unit process is 
much more complex. To minimise manual calculations and 
the associated risk of error, we developed a separate CLCI 
model for each solder. For the Pb-free solder this model was 
identical to the ALCI model and, for SnPb solder, the CLCI 
model was an expansion of the ALCI model. 

The environmental consequences of alternative lead use are 
significant in our model, although less significant than the 
environmental consequences within the solder life cycle. This 
can be explained by the fact that a large quantity of lead is 
required to produce each MWh of electricity from the pho- 
tovoltaic-plus-battery system. In general, the alternative use 
of a material is the application that is affected by a change 
in the availability and price of the material. It is reasonable 
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to assume that an application where the material cost makes 
up a large part of the total cost is more sensitive to price 
changes. This implies that the alternative use of a material is 
often an application that requires a large quantity of the mate¬ 
rial for each unit of functional or economic output. It is possi¬ 
ble that the alternative use of a kg of a certain material does 
not replace a great deal and that the environmental conse¬ 
quences of the alternative use are often less significant than 
the environmental consequences of using the material within 
the life cycle of the original product. Testing this hypothesis 
requires experience from much more CLCIs than this study. 
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